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Abstract

In 2003 Rubenstein and Merzenich hypothesized that some forms of Autism (ASD) might be 

caused by a reduction in signal-to-noise in key neural circuits, which could be the result of 

changes in excitatory-inhibitory (E-I) balance. Here, we have clarified the concept of E-I balance, 

and updated the original hypothesis in light of the field’s increasingly sophisticated understanding 

of neuronal circuits. We discuss how specific developmental mechanisms, which reduce inhibition, 

affect cortical and hippocampal functions. After describing how mutations of some ASD genes 

disrupt inhibition in mice, we close by suggesting that E-I balance represents an organizing 

framework for understanding findings related to pathophysiology and for identifying appropriate 

treatments.

Introduction

In 2003 Rubenstein and Merzenich [1] hypothesized that some forms of Autism (ASD) 

might be caused by a reduction in signal-to-noise in key neural circuits, which could be 

caused by changing the circuit’s excitatory- inhibitory (E-I) balance. Reduced inhibition in 

the cortex and hippocampus, perhaps due to GABAergic interneuron defects would lead to 

“noisier” circuits and less efficient information processing. Generation of circuits that were 

too noisy, or too quiet (from too little excitation or too much inhibition) would be 

detrimental (Fig. 1). Since then, numerous reviews have presented updates related to this 

basic hypothesis, often by describing studies of mouse models of autism [2], or of 

neurobiological mechanisms, including neuronal homeostasis, synaptic autoregulatory 

feedback, and developmental disconnection, all of which could contribute to altered E-I 

balance [3–11].

Other reviews have discussed related concepts, e.g., that autism may reflect altered activity-

dependent gene expression [12] and/or protein translation [13, 14].
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Our goal here is not to supplant or duplicate these excellent reviews. Over the past 15 years, 

experimental studies have provided evidence that many mouse models of autism may 

involve alterations in the balance of excitation and inhibition, however, the nature of these 

changes are heterogeneous. Therefore, it is important to clarify the concept of E-I balance, 

provide a framework for organizing results, and update the original hypothesis in light of our 

increasingly sophisticated understanding of neuronal circuits. Furthermore, we will review 

recent work from our laboratories on specific developmental mechanisms which shed light 

on the effects of reducing inhibition on cortical and hippocampal functions. After describing 

how mutations of some ASD genes disrupt inhibition in mice, we close by suggesting that E-

I balance represents an organizing framework for understanding findings related to 

pathophysiology and identifying appropriate treatments.

Defining E-I balance

At the single neuron level, the numbers of excitatory and inhibitory synapses on individual 

cortical pyramidal neurons are highly-regulated by a process that reproducibly generates a 

relative invariant ratio of E/I synapses across dendritic segments [15].

Similarly, at the level of large scale cortical circuits, the ratio of excitatory to inhibitory 

cortical neurons is precisely controlled by multiple development process [16]. Thus, there 

appear to be homeostatic and developmental processes that maintain E-I balance at the level 

of single cells and cortical regions over long timescales. However, this does not exclude the 

possibility that the E/I ratio may vary between neurons and/or on more dynamic timescales.

From a global perspective, i.e., viewing excitation and inhibition as singular entities, if the 

level of excitation exceeds that of inhibition, then activity will increase, either until the 

ability of the circuit to generate activity is maximized, or until marginal increases in activity 

begin to recruit more inhibition than excitation, producing a state of “balance”. Conversely, 

if inhibition exceeds excitation, activity will decrease, either until the circuit is quiescent or 

until marginal decreases in activity cause larger drops in inhibition than excitation (also 

leading to overall balance). This is the simplest conceptualization of “excitation-inhibition 

(E-I) balance”. Of course, this is vastly oversimplified because circuit activity is not a 

singular (unidimensional) entity and both excitation and inhibition have dynamics on 

multiple timescales. However, before delving into these complications, we should note some 

useful aspects of the concept of E-I balance. First, the idea that activity will grow until a 

balanced state is achieved, does nicely describe what happens in isolated cortical circuits 

upon the optogenetic induction of activity. Stimulating some population of neurons causes 

activity to spread to other neurons and other layers until sufficient inhibition is recruited to 

produce balance [17, 18]. There is evidence that E-I balance in cortical layers 2/3 is 

important for optimal tuning of these circuits to respond to salient inputs and the generation 

of responses called neuronal avalanches [19].

Spontaneous UP states in brain slices and in vivo similarly begin in a small number of 

neurons, then spread to other neurons and layers where they recruit inhibition, producing an 

overall state of balance [20, 21]. Importantly, although circuits should be balanced, in a 

global sense, lest they succumb to runaway excitation or fall silent, transient imbalances, i.e., 

fluctuations in the level of activity, occur on fast timescales [22]. Furthermore, even 
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balanced activity can be distributed across many configurations of neurons, and the 

particular population that is active at a given moment may be stable or change continuously 

over time. In particular, differences in local circuit connectivity, e.g., differential innervation 

of pyramidal neurons with different projection targets by GABAergic interneurons [23, 24], 

can thus lead to differences in levels of inhibition in different pathways, helping to shape the 

flow of activity through microcircuits. Thus, “E-I balance” usually refers a stable global 

level of activity within a particular circuit, even though individual groups of neurons may 

exhibit transient imbalances, and these groups of neurons can be dynamic over time.

In other words, even when a circuit is in E-I balance, the set of active neurons will likely 

evolve over time, giving rise to many possible configurations that all represent different 

forms of E-I balance. Changes in external input or short term synaptic plasticity may induce 

transitions between these configurations. The overall level of excitation and inhibition, as 

well as the detailed dynamics of excitatory and inhibitory synaptic conductances, will 

determine how much circuit activity changes in response to incoming input [25], and thus 

shape the signal-to-noise ratio as originally suggested by Rubenstein and Merzenich [1]. Fig. 

1 illustrates a simple instantiation of this concept, although it goes without saying that 

changes in signal-to-noise ratio will depend on more than just the overall level of excitation 

and inhibition.

In this context, what does it mean for the E-I balance to be disturbed? This refers to a change 

in some form of excitation or inhibition such that the state or set of states for which E-I 

balance is achieved, is altered. In the simplified framework laid out above, this is often 

thought of as a change in the gain of either excitation or inhibition, causing a change in the 

overall level of activity at which balance is achieved. However, it is important to remember 

that excitation and inhibition are not unidimensional entities. Both excitation and inhibition 

originate from multiple sources and impinge onto different targets. For example, many 

studies have shown that various subtypes of inhibitory interneurons (e.g., PV vs. SOM 

expressing interneurons) differentially innervate different subtypes of pyramidal neurons 

(e.g., deep layer pyramidal neurons projecting callosally vs. projecting to subcortical targets) 

[23, 24, 26]. On the other hand, VIP-expressing inter-neurons innervate and inhibit other 

interneurons, such that activity in VIP+ interneurons can increase cortical excitation [27–29].

Thus, while the term “E-I balance” (or E/I ratio) suggests that excitation and inhibition are 

singular entities, in fact, both are multidimensional, and changes in E-I balance may 

comprise changes in the relative activity of different sub-types of excitatory or inhibitory 

neurons, rather than changes in the overall level of excitation or inhibition (Fig. 1, bottom). 

In summary, while we initially introduced a relatively simple concept of E-I balance, and 

provided evidence that this balance is maintained at both the single cell and global circuit 

levels, we then pointed out that E-I imbalance can occur on faster timescales, and that E-I 

balance is in fact highly multidimensional and complex. Having noted these complexities, 

let us now look at mechanisms which alter E-I balance, in order to show how the E-I balance 

concept can nonetheless aid in understanding how these mechanisms contribute to the 

pathophysiology of autism and related neuropsychiatric disorders.
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Developmental mechanisms that can impact E-I balance in the cortex and hippocampus

The literature is replete with lessons about the developmental and genetic mechanisms that 

can lead to an increased E/I ratio and subsequent compensation in many regions of the 

neural axis. Here, we will focus the development of cortical and hippocampal inhibitory 

interneurons and the impact of defects in these processes on neural function [30–33].

We restrict our discussion to the effects of mutations of the Dlx transcription factors on the 

generation and function of interneurons. Although allelic variation in the Dlx genes is not an 

established risk factor for neuropsychiatric dis-orders, the functions of these homeodomain 

transcription factors are illustrative of mechanisms spanning embryonic to adult stages that 

impacts E/I balance. There are six Dlx genes, all but Dlx3 and Dlx4 are expressed in 

forebrain GABAergic neurons [34]. Dlx1&2 and Dlx5&6 are bigene pairs; their expression 

begins in embryonic progenitors and neurons in the following order: Dlx2, Dlx1, Dlx5, and 

then Dlx6. There is functional redundancy between the Dlx genes, perhaps contributing to 

why mutations in Dlx genes are not observed in human brain disorders. However, there is an 

increasing evidence that targets of Dlx regulation that can cause human epilepsy and 

cognitive disorders (e.g., Arx, Gad1, Grin2b, Maf, and Zfhx1b) [35–37]. DLX2 expression 

and Dlx1&2 null mice provided the first evidence that the embryonic basal ganglia generate 

inter-neurons for telencephalon, including for the hippocampus (HIN), neocortex (CIN), and 

striatum (SIN) [38]. Thus, decreased inhibition can be the result of reduced subpallial 

interneuron production and their subsequent migration to the pallium (cortex and 

hippocampus).

In the absence of Dlx1&2, Dlx5&6 fail to induce, leading to many severe forebrain and 

craniofacial phenotypes and neonatal lethality [39]. However, in Dlx1&2 conditional 

knockouts (CKOs), one day of Dlx1&2 expression is sufficient to induce and maintain 

Dlx5&6 [37], and these mutants produce CINs that migrate and integrate into the cortex. 

CINs generated by Dlx1&2 CKOs using Dlxi12b-Cre (activity begins ~embryonic day (E) 

11), or from Calretinin-Cre (activity begins -postnatal day (P) 1), have reduced mEPSCs. 

These mutant CINs receive reduced excitatory synapses and thus are less capable of 

generating inhibition.

Furthermore, Dlx1&2 drive expression of the genes encoding the enzymes that generate and 

package GABA (Gad1&2 and Vgat) [37, 40–42]. Probably as a result, Dlx1&2Dlxi12b-Cre 

CKOs also generate reduced mIPSC amplitude. In addition, Dlx1&2DM12b-Cre CKOs has 

increased CIN apoptosis in the first postnatal week, resulting in reduced numbers of PV, 

SST, and VIP CINs and HINs (~20–30%). Thus, Dlx1&2Dki12b-Cre CKOs reduce CINs 

numbers and function in at least three ways: (1) reducing mEPSCs and synapses onto CIN; 

(2) reducing pyramidal neuron mIPSC amplitude probably by reducing GABA release from 

CINs; and (3) reducing CIN numbers because of CIN death.

The first evidence for Dlx postnatal IN functions came from analysis of Dlx1 constitutive 

KOs [43]. These mutants show CIN and HIN death beginning at ~P30 with resultant 

decreases in mIPSC frequencies. In these Dlx1 single constitutive, and subsequently in Dlx1 
CKOs, PV interneurons (MGE-derived) do not die, probably because Dlx1 expression is not 

detectable postnatally in PV interneurons [37, 43]. On the other hand, SST (MGE-derived) 
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and VIP (CGE-derived) numbers decline by ~20–30%, thus reducing only dendrite-

innervating interneurons.

It is important to note that many genes are important for the development, maturation, and 

function of specific classes of CINs. A brief summary of some recent findings include the 

following examples. The Prox1 transcription factor is required for the maturation of VIP, and 

other CGE-derived CINs [44]. CNTNAP4, a member of the neurexin superfamily of 

transmembrane molecules, promotes the function of cortical PV basket cells [45]. Finally, 

CCK and VGlut3 expressing basket cells lacking ErbB4, a tyrosine kinase receptor, have 

reduced inhibition onto pyramidal neurons [46].

Dlx1 mutants develop epilepsy and increased gamma oscillations around the same time 

when their interneurons die [43, 47]. Dlx1 mutant HINs have reduced excitatory 

postsynaptic current (EPSC) amplitude, which may contribute to reduced interneuron 

function [48]. Analysis of neocortical function in Dlx1 KOs showed that the primary visual 

cortex (V1) had reduced orientation selectivity [49]. In the primary auditory cortex (A1) 

Dlx1DlxI12b-Cre CKOs showed a rise in the baseline firing rates and reduction in tone-evoked 

responses [50]. Furthermore, A1 neurons had reduced receptive field size and shortened 

cortical responses, a phenotype which is opposite to that observed with acute reductions in 

inhibition. Seybold et al. [50]. proposed that the latter phenotypes arose secondary to a 

compensatory reduction in excitatory responses. A similar reduction is pyramidal neuron 

activity was also observed in V1 [49]. Thus, while some of the V1 and A1 phenotypes could 

arise directly from the loss of CIN-mediated inhibition, additional phenotypes may arise 

secondary to a compensatory reduction in excitation. Therefore, phenotypes are likely to 

change over time, as primary defects are combined with compensatory responses.

Compensatory changes in the Dlx1 KOs were more deeply investigated in the hippocampus 

(CA1) [47]. As in the neocortex, loss of HIN was associated with reduced synaptic 

inhibition, which then led to a compensatory reduction in miniature EPSCs on the CA1 

pyramidal neurons. However, when a long-term potentiation (LTP) protocol was applied to 

hippocampal slices, the Dlx1 KO showed enhanced potentiation of activated synapses 1 h 

after induction compared with wild type. This finding was evident only after the death of 

interneurons beginning ~P30. These observations suggest that pyramidal neurons, in regions 

of the cortex/hippocampus that have reduced interneuron function, may compensate by 

reducing the numbers of excitatory synapses with detectable levels of AMPA containing 

plasma membrane glutamate receptors. At the same, there may be a greater potential for 

plasticity. This change in LTP may be a direct consequence of decreased inhibition lowering 

the LTP threshold, or a homeostatic increase in the proportion of silent synapses.

Thus, these experiments suggest the hypothesis that regions of the cortex/hippocampus with 

reduced interneuron function and excitatory circuit compensation could be susceptible to 

hyperexcitability if they are exposed to strong stimuli, which could lead to a pathological 

switch in circuit function and behavior [47]. Perhaps this could generate phenotypes such as 

an epileptic focus (as occurs in Dlx1 mutants), an emotional/anxiety hypersensitivity, or 

cognitive/perceptual defects (e.g., hallucinations).
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Interneuron transplantation experiments provided evidence that the Dlx1 mutant phenotypes 

arose secondary to the postnatal dysfunction and/or death of HINs [47]. Neonatal 

transplantation of wild type MGE-derived inter-neurons into the Dlx1 mutant hippocampus 

prevented or reversed the homeostatic changes to excitation and excitability in the CA1 

pyramidal cells: miniature excitatory postsynaptic currents, input resistance, and LTP. 

Furthermore, interneuron transplantation rescued circuit-levels defects, as gamma 

oscillations become normalized. Thus, phenotypes caused by a HIN deficit, due to a 

mutation, can be rescued by wild type HINs.

Less is known about Dlx5&6 developmental functions. Dlx5, Dlx6, and Dlx5/6 constitutive 

mutants are developmental lethal [51]. Dlx5/6 mutations have exencephaly complicating 

analysis of forebrain development, postnatal analysis of development and neuronal function. 

These problems have been circumvented using MGE transplantation of the Dlx5 and Dlx5/6 
mutants; the experiments provided evidence for a selective relative reduction of PV+ CIN 

numbers and associated dendritic morphological defects [51]. These results contrast with the 

Dlx1 mutants which has a selective sparing of PV CINs [43]. Below we will discuss Dlx5/6 
heterozygotes and Dlx5 CKO states, where CIN functional defects have been identified.

Altered E-I balance in mouse models of autism (ASD)

Having described these developmental genetic mechanisms that can impact E-I balance, we 

will not summarize some recent studies that have examined whether mouse models of 

autism can be understood as alterations of E-I balance. This section is not intended to be 

comprehensive or assess the validity of these models of autism. Rather we will focus on 

some examples that illustrate how the E-I framework can be used. We begin with a highly 

influential study that used novel optogenetic tools to bidirectionally modulate E-I balance by 

nonspecifically exciting neurons and/or specifically exciting PV interneurons in the medial 

prefrontal cortex (mPFC) of wild-type (PV-Cre) mice [18]. Non-specifically exciting mPFC 

neurons was sufficient to disrupt normal social behavior. By contrast, specifically exciting 

PV interneurons in mPFC did not disrupt normal social behavior, and actually ameliorated 

social deficits caused by nonspecific excitation of the mPFC. The authors interpreted these 

results as broadly consistent with the original E-I imbalance hypothesis. Interestingly, the 

authors found that nonspecific excitation of mPFC neurons increased power across the 

gamma-frequency range (~50–100Hz). This change in gamma power parallels results in 

genetic models and will be discussed further below. More recently the same laboratory 

showed that optogenetic stimulation of PV interneurons is sufficient to rescue social deficits 

in CNTNAP2 knockout (KO) mice, a genetic model of autism and other neurodevelopmental 

disorders [52]. The authors proposed that CNTNAP2 mutant mice have deficiencies in PV 

interneuron recruitment during social interaction, such that optogenetically stimulating these 

interneurons restores the E-I balance to its wild-type state. These two studies suggest that a 

framework, based on a unidimensional conception of E-I balance, is sufficient to predict how 

pathological and/or therapeutic manipulations will impact social deficits in at least some 

cases—increasing the ratio of E/I (either by increasing excitation or by impairing inhibition) 

within mPFC tend to cause social deficits, whereas increasing inhibition decreases the E/I 

ratio and can ameliorate some social deficits. That being said, it is notable that in these two 

studies, restoration of E/I balance was achieved by targeting a specific class of GABAergic 

Sohal and Rubenstein Page 6

Mol Psychiatry. Author manuscript; available in PMC 2019 September 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



interneurons (PV interneurons)—this raises the question of whether any manipulations that 

target circuit inhibition would be similarly effective vs. whether specifically enhancing 

perisomatic inhibition is required.

Several other studies are broadly consistent with this view. Another group showed evidence 

for inhibitory dys-function in both a model of Dravet syndrome (Scn1a+/− mice), which 

includes epilepsy and autism, and the BTBR inbred mouse line, which exhibits social 

deficits and repetitive behaviors that model behavioral features of autism [53, 54]. 

Specifically, in both cases, they found a decrease in the spontaneous IPSC frequency. 

Furthermore, in both cases, nonspecifically enhancing inhibition via systemic injection of a 

benzodiazepine at sub-anxiolytic doses was sufficient to improve social behavior. Similar to 

patient populations, multisensory integration is deficient in multiple mouse models of 

autism, and other work in the BTBR inbred mouse strain suggests that this may reflect 

weakened GABAergic inhibition during an early sensitive period that can be similarly 

rescued by therapeutic benzodiazepine administration [55]. Again, this group described 

reduced spontaneous IPSC frequency in BTBR mice. Another group showed similar 

findings in mice with haploinsufficiency of Arid1b, a gene that has been strongly linked to 

autism by de novo mutations [56]. Arid1b+/− mice have decreased numbers of cortical 

GABAergic interneurons, a reduction in the frequency of miniature IPSCs, and social 

deficits that are also rescued by benzodiazepine treatment. More recently, a group showed 

that transplanting stem cells which differentiate into cortical interneurons, into ventral 

hippo-campus rescues social deficits in prenatal-methylazoxymethanol-treated rats [57]. 

Other work has shown that the TSC1-mTOR pathway, which has been implicated in autism, 

normally represses inhibitory synapses onto excitatory neurons, such that deficiency of Tsc1 
leads to decreased inhibition and network hyperexcitability [58]. Mice lacking CHD2, a 

chromatin remodeling and autism risk gene, had fewer cortical and hippocampal 

interneurons, and a reduction in miniature IPSC frequency; the mutants’ cognitive 

phenotype was partially rescued by interneuron transplantation [59]. Finally, a large body of 

work has shown that Rett syndrome, which involves some autism-like features, includes 

deficits in inhibitory interneuron development and function [60], and that many abnormal 

behaviors in mice are driven by the loss of MeCP2 specifically in interneurons [61].

These studies do not claim that excitation or inhibition are unidimensional entities. But they 

do suggest that for the purpose of correcting pathophysiological mechanisms that cause 

social deficits (including in mouse models of autism), focusing on GABAergic inhibition 

generally, or thinking in terms of a unidimensional ratio of E/I may be sufficient. By 

contrast, other studies suggest that mouse models of autism or mutations linked to autism 

may be associated with derangements of inhibition that cannot be understood simply in 

terms of overall E-I balance, and that correcting social behavior may require an explicit 

recognition of excitation and inhibition as multidimensional entities. In particular, two recent 

studies from our labs have shown that mutations in autism genes may differentially affect 

inhibition from different sources, e.g., from different subtypes of cortical interneurons. One 

study found that deficiency of Pten in MGE-derived neurons leads to a loss of cortical 

interneurons, and a preferential loss of SOM interneurons, such that the ratio of PV to SOM 

interneurons increases [62]. Furthermore, in this context, mutant PV interneurons send 

ectopic projections to superficial cortical layers, which are normally the targets of SOM 
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interneurons, and levels of spontaneous inhibition in superficial pyramidal neurons were 

actually increased.

Interestingly, these mice—which had an increased PV: SOM ratio, ectopic PV+ projections 

to superficial layers, and increased spontaneous inhibition in superficial pyramidal neurons

—also exhibited a broadband reduction in spontaneous EEG activity in the gamma band. 

This is notable, as the previous study by Yizhar et al. [18], showed that nonspecific 

excitation of the mPFC produced a broadband increase in spontaneous gamma power. Taken 

together, these findings suggest that overall increased activity in cortical circuits may be 

detectable via broadband increases in spontaneous gamma power. Conversely, excessive PV 

interneuron output may be associated with decreased cortical activity, resulting in broadband 

decreases in spontaneous gamma power. This may seem paradoxical at first given the large 

body of work suggesting that PV interneurons generate gamma oscillations evoked by 

sensory stimulation or behavioral tasks. But there is an emerging view that PV interneuron-

generated gamma synchrony may be fundamentally distinct from the broadband “gamma 

oscillations” that are observed at baseline and during spontaneous behavior. Specifically, 

“gamma oscillations” that are measured via a broadband increase in power across a wide 

frequency range may simply reflect increases in overall levels of cortical activity that are not 

composed of rhythmic neural firing and are not well-synchronized across local circuits. By 

contrast, increases in gamma power that occur in more narrow frequency bands, e.g., in 

response to sensory stimulation or during tasks, may be indicative of the sort of rhythmic 

neural activity that is synchronized across cells and depends on feedback inhibition from PV 

interneurons.

Indeed, in previous work, we showed that Dlx5/6+/− mice, which have impaired PV 

interneuron function, exhibit an broadband increase in spontaneous gamma power (observed 

at baseline) but a decrease in task-evoked gamma oscillations [63]. Patient populations, 

specifically individuals with schizophrenia, seem to show a similar pattern: an increase in 

spontaneous, broadband gamma power measured under baseline conditions, and a decrease 

in gamma power evoked by tasks or stimuli [64]. All of these observations are consistent 

with the emerging view, described above, that spontaneous, broadband gamma power, 

measured under task-free conditions, may simply reflect the overall level of circuit activity, 

rather than activity which exhibits rhythmicity and/or synchrony at a specific frequency. 

Reductions in PV interneuron function may lead to increase in overall levels of circuit 

activity, causing a broadband increase in power across a wide range of frequencies including 

the gamma band. This is in contrast to task or stimulus evoked-gamma oscillations, which 

seem to depend on the integrity of PV interneuron output and exhibit peaks around specific 

frequencies, as well as synchronization between brain regions.

The case of the Dlx5/6+/− mice extends the earlier discussion of how genes involved in 

interneuron development can influence E-I balance. Constitutive knockout of Dlx5/6 leads to 

neonatal death. However, mice with either the heterozygous loss of Dlx5/6, or the 

conditional knockout of Dlx5/6 using DlxI12b-Cre, live into adulthood and are grossly 

normal. We carried out an extensive characterization of interneuron physiology, circuit 

physiology (measured via intracranial EEG), and behavior in these mice [63]. We found that 

in Dlx5/6 heterozygous mice, PV interneuron intrinsic properties, gamma oscillations (both 
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at baseline and evoked by tasks), and cognitive flexibility are all abnormal, but these 

abnormalities only appear ~9–11 weeks of age. This suggests that Dlx5/6 play yet-to-be-

defined roles in the post-pubertal maturation of PV interneurons, at least in prefrontal 

regions, in addition to their roles in early postnatal developmental and survival.

Another recent study from our laboratories showed that deficiency of the previously 

mentioned autism-associated gene CNTNAP2 in MGE-derived neurons causes a selective 

disruption in the physiology of PV, but not SOM, interneurons [65]. This raises the 

possibility that perhaps the aforementioned study from the Deisseroth laboratory, which 

ameliorated social deficits in CNTNAP2 KO mice by opto-genetically stimulating PV 

interneurons, was successful because it specifically enhanced PV interneuron function, in 

mice with preferential deficits in PV interneurons. Finally, we recently found that in mice 

exposed to valproic acid in utero, selective inhibition of dopamine D2 receptor-expressing 

(D2R+) neurons in mPFC can ameliorate social deficits, whereas nonspecific inhibition of 

the entire mPFC fails to do so (and actually makes social deficits worse) [66]. Thus in this 

last example, nonspecifically targeting excitation or inhibition may be counterproductive, 

and it is necessary to target excitatory activity within a specific neuronal class (D2R+ mPFC 

neurons) to achieve a therapeutic effect.

Notably, the original hypothesis relating E-I imbalance to autism was motivated in part by 

the high comorbidity between autism and seizure disorders. But even in the context of 

seizures, the idea that cortical inhibition is not a monolithic entity is now apparent. For 

example, we recently found that various classes of cortical GABAergic neurons are 

differentially recruited by and make distinct contributions to seizures [67]. In fact, the role of 

a single class of interneurons could evolve over the course of a seizure, such that 

interneurons which appear to suppress seizure initiation can also prolong the duration of 

seizures. This suggests that in the context of seizures, therapeutic efficacy may be 

maximized by targeting specific forms of inhibition, rather than inhibition generally.

Summary and outlook

The concept of E/I balance is of course, simplified, because it suggests that excitation and 

inhibition are unidimensional entities and further simplifies the picture by considering their 

ratio. But we would argue that despite this high degree of simplification, several studies do 

suggest that in many cases, this is a useful first step to understanding pathophysiological 

mechanisms related to abnormal social behavior in mouse models of autism. Does this mean 

that the converse is true, that simply showing an alteration in some form of excitation or 

inhibition present is sufficient to explain pathophysiology, e.g., in a mouse with abnormal 

behavior? Of course not. Even though there may be many conditions involving deficient 

inhibition, for which behavior can be normalized by non-specifically increasing inhibition, 

in other cases, excessive or altered inhibition might be at fault, or it may be necessary to 

specifically enhance inhibition from particular sources (PV interneurons) or onto defined 

targets (e.g., D2R+ mPFC neurons). These scenarios represent fundamentally different kinds 

of circuit derangements that will likely require different types of therapeutic interventions. 

We argue that it is critical to understand what sort of circuit derangement is present, and that 

E-I balance can be a useful framework through which this issue could be explored.
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Over the past 15 years, the E-I imbalance hypothesis has, in our mind, served an extremely 

important purpose, by stimulating many investigations into the consequences of abnormal 

development of inhibitory circuits, the state of excitation and inhibition in mouse models of 

autism, and the behavioral consequences of specifically perturbing excitatory vs. inhibitory 

systems. However, we would propose that the next phase of research should focus on (1) 

classifying the many possible “E-I imbalances” into some tractable categories of circuit 

derangements, (2) identifying biomarkers that might indicate which type of circuit 

derangement is present in a particular individual, and (3) testing whether determining what 

type of E-I imbalance/ circuit derangement is present in a given individual is sufficient to 

predict what sorts of behavioral abnormalities might be present, and/or which therapies 

might be effective. As outlined above, baseline gamma power may represent an example of 

one such biomarker, which might be useful for separating cases of increased vs. decreased 

PV interneuron function. Indeed, numerous studies have examined both resting state and 

evoked gamma oscillations in subjects with autism using EEG and MEG, although sample 

sizes for these studies tend to be small, use heterogeneous methods for quantifying gamma 

oscillations, and have some inconsistent findings [68–73]. In spite of this heterogeneity, 

quantifying specific aspects of rhythmic activity is a promising future direction because 

there is a great deal of evidence tying specific cellular deficits to deficit in specific aspects of 

oscillations, e.g., power or synchrony at a particular frequency and/or cross-frequency 

coupling [74–76].

Another potentially useful direction will be for computational modeling studies to explore 

how different sorts of derangements in inhibition can produce distinguishable changes in 

EEG biomarkers, along the lines of what we outlined above for baseline broadband gamma 

power vs. task-evoked increases in gamma power. No doubt, bio-markers like these are 

currently of limited translational utility on their own. However, it may be possible to identify 

a set of biomarkers which together could define the major circuit derangements present in a 

particular individual: nonspecific increases in activity, specific increases or decreases in 

output from a particular interneuron class, etc. The goal of these recommendations is to 

eventually transform the concept of E-I imbalance into a multidimensional framework for 

classifying circuit pathologies (Fig. 1, bottom), rather than a singular explanation for an 

entire class of what are actually heterogeneous neurodevelopmental dis-orders. A key test of 

this framework will then be to determine whether biomarkers that correlate with the 

presence of specific alterations in E-I balance, will then provide useful information about 

which therapeutic interventions will (or will not) normalize behavior in those cases.

We are intrigued by data in humans with autism that provides evidence for an alteration in 

the E/I balance [77, 78]. One study used an experimental paradigm called the binocular 

rivalry test of visual perceptual suppression [77]. Here, the left and right eyes are shown 

different objects, and the individual reports what they perceive. During the test, perception 

oscillates between awareness and suppression. Normal individuals more efficiently suppress 

one image than autistic individuals. MRI spectroscopy was used to assess the concentrations 

of GABA and glutamate in the visual cortex; GABA and glutamate concentrations were both 

linked with binocular rivalry dynamics in control individuals, whereas the link to GABA was 

not detected in autistic individuals, providing evidence for an increase in E/I signaling in the 

autistic visual cortex.
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Another study, using magnetic resonance imaging, found evidence in the striatum of ASD 

individuals that glutamate concentration was reduced but GABA levels were normal. The 

altered glutamate/GABA ratio correlated with the severity of social symptoms [78]. This 

study raises an important point that one should not solely focus on cortical dysfunction in 

ASD. Going forward it will be important to learn whether modifying E/I balance in autistic 

individuals can improve some of their symptoms. In that regard Ajram et al. [79], found that 

riluzole, a sodium channel blocker, increased the prefrontal cortex inhibitory index in ASD 

but decreased it in controls (measured with magnetic resonance spectroscopy). Riluzole 

normalized prefrontal cortex functional connectivity in the ASD group. This encouraging 

study points to the possibility of pharmacological approaches for ASD therapies.
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Fig. 1. 
Top: in a unidimensional framework, E-I balance refers to the overall level of circuit activity. 

Dysfunction in inhibition (or excessive excitation) may cause balance to occur at an overall 

higher level of circuit activity. This may effectively decrease the signal to noise ratio, by 

increasing deleterious signals, i.e., “noise”, which render circuits less responsive to 

“signals”, i.e., behaviorally meaningful inputs. In this framework, “noise” might represent 

input that is not meaningful, or alternatively, an excessively high conductance state that 

produces low neuronal gain in response to signals. Conversely, excessive inhibitory feedback 
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(or deficient excitation) may cause the circuit to achieve balance at an overall lower level of 

circuit activity, which may effectively reduce the signal to noise ratio by reducing the 

strength of signals. Bottom: In a more complex framework, E-I balance can be 

conceptualized as a multidimensional space. Different mechanisms, e.g., abnormal 

development due to altered gene expression or protein translation, compensatory or 

homeostatic processes, etc. perturb circuits along multiple dimensions in this space. In the 

future, biomarkers may be identified which indicate the state of the circuit along specific 

dimensions
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